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I.  INTRODUCTION 


The  Ballistics  Research  Laboratory  (BRL)  has  the  primary  responsibility 
for  evaluating  the  vulnerability  of  US  Army's  weapon  systems  wider  all  known 
enemy  threats.  In  this  regard,  the  most  serious  damage  mechanise  is  fragment 
impacts  on  internal  components  where  the  fragments  originate  from  direct  fire 
munition  penetration  of  thick  protective  armor  of  surface  vehicles  or  from 
fragmenting  warheads  which  are  capable  of  penetrating  thin  protective  armor 
such  as  that  which  exist  on  aircraft.  Since  individual  components  are 
generally  enclosed  in  thin  metal  casings,  knowledge  of  the  penetration 
capability  of  fragments  through  these  metals  is  essential  for  evaluating 
individual  component  damage.  In  general,  the  number  of  possible  combinations 
of  those  parameters  which  specify  a  particular  fragment  versus  target  plate 
interaction  is  much  too  large  to  perform  all  of  the  experiments  necessary  to 
generate  the  corresponding  penetration  data  for  every  situation  of  interest. 
Consequently,  an  effort  is  being  made  to  formulate  analytic  models  of  the 
penetrator/target  interaction.  A  model  which  predicts  residual  speed  is 
described  in  BRL  MR  2797. *  A  more  complex  model  is  the  Dehn  Particle  Dynamics 
of  Penetration  (PDP)  Model  2  which  will  predict,  not  only  the  residual  speed  of 
the  fragment  and  the  exit  angle  formed  by  the  fragment's  path,  but  also  the 
residual  speed  and  exit  angle  for  the  ricochet  condition  and  the  range  of 
striking  speeds  over  which  the  fragment  will  embed  in  the  target  plate 
(striking  speeds  just  below  the  ballistic  limit).  As  with  the  development  of 
any  model  of  a  complicated  physical  process,  basic  experimental  data  is 
required. 

A  review  of  the  literature  revealed  that  very  little  data  exist  for  the 
purpose  of  implementing  the  PDP  Model,  especially  when  the  angle  of  incidence 
is  not  zero  degrees  and  when  the  fragment  ricochets.  Thus  it  was  necessary  to 
conduct  an  experimental  program  at  BRL  to  generate  the  required  data.  Although 
spheres  are  not  typical  of  the  shape  of  average  spall  fragments,  the 
penetration  and  ricochet  effects  of  fragments  impacting  on  solid  targets  is  so 
poorly  understood  that,  for  modelling  purposes,  simple  geometric  shaped 
fragments  are  required.  Since  the  simplest  geometry  possible  is  the  sphere, 
the  sphere  was  chosen  as  the  penetrator  for  this  program.  The  spheres  used 
were  unmodified  steel  ball  bearings  which  are  readily  obtainable  in  various 
sizes.  The  two  sizes  chosen  for  this  program  were  1/4  inch  (0.635  cm)  and 
15/32  inch  (1.191  cm)  diameters.  When  the  model  is  shown  to  accurately  predict 
exit  speeds  and  angles  for  spheres,  then  an  attempt  can  be  made  to  expand  the 
model  to  handle  other  geometric  shapes.  Aluminum  was  chosen  as  the  target 
material  since  components  found  in  U.S.  and  Soviet  vehicles  are  often  encased 
in  aluminum.  The  type  of  aluminum  used  as  target  plates  was  the  2024  aluminum 
(See  the  tables  of  Appendix  A  for  the  identification  and  the  Brinell  hardness 
numbers . ) 

~l - 

John  Zook ,  " An  Analytical  Model  of  Kinetic  Energy  Projectile /Fragment 

Penetration, "  BRL-MR  2797,  October  1977 
2 

James  Dehn,  "The  Particle  Dynamics  of  Target  Penetration,"  ARBRL-TR- 0218 8, 

September  1979  (ADA  077114) 


II.  DESCRIPTION  OF  PARAMETER  AND  MEASUREMENT  TECHNIQUES 

In  this  study,  there  are  three  specific  categories  of  data  with  respect 
to  the  fragment  target  interaction.  At  relatively  low  striking  «rj'eds  and/or 
large  impact  angles  (ooliquities) ,  the  fragment  will  ricochet.  ...  moderate 
speeds  there  can  be  a  short  range  of  striking  speeds  over  which  the  fragment 
will  embed  in  the  target.  At  higher  striking  speeds,  the  fragment  will 
completely  penetrate  the  target  plate,  resulting  in  the  fragment  exiting  the 
other  side  with  some  residual  speed  (complete  penetration) . 

Figure  1  illustrates  the  definitions  of  the  angles  corresponding  to  a 
complete  penetration  and  a  ricochet.  The  impact  angle  0  is  the  angle 
between  the  fragment  incident  path  and  a  perpendicular  (normal)  line  drawn 
through  the  target  at  the  point  where  the  fragment  incident  path  intersects 
the  front  surface  of  the  target  (impact  point).  Therefore,  a  fragment 
incident  path  which  forms  a  zero  degree  impact  angle  will  coincide  with  the 
normal  to  the  target.  The  exit  angle  a  for  complete  penetration  is  the  angle 
between  the  line  perpendicular  to  the  rear  of  the  target  (passing  through  the 
point  of  exit)  and  the  fragment  exit  path.  These  two  definitions  imply  that 
the  normal  to  the  entrance  side  and  the  normal  to  the  exit  side  do  not 
necessarily  pass  through  the  same  point  on  the  target  surface,  which  is 
predominately  true  for  oblique  impacts.  The  definition  of  the  ricochet  angle  y 
is  similar  to  the  definition  of  the  exit  angle  except  that  the  angle  is 
measured  to  the  ricochet  path  and  will  always  be  greater  than  90  degrees.  The 
exit  angle  is  defined  to  be  positive  if  counterclockwise  from  the 
perpendicular  and  negative  otherwise. 


The  motion  of  the  fragment  (  sphere  or  penetrator  )  is  recorded  by  the 
flash  x-ray  arrangement  depicted  in  Figure  2.  Initially,  the  fragment  is 
propelled  toward  the  target  along  the  shot  line  by  being  fired  from  a  .50 
caliber  smooth  bore  gun  (  which  requires  using  a  sabot  ) .  The  fragment 
perforates  the  first  trigger  screen  (  Tj  )  which  initiates  several  events 
involving  x-ray  tubes  1,  2,  and  3.  These  events  result  in  the  recording  of 
images  of  the  fragment  on  x-ray  film  as  a  function  of  time  such  that 
information  related  to  the  fragment  striking  speed  can  be  determined.  The 
fragment  then  perforates  the  second  trigger  screen  (  T2  )  which  initiates 
several  events  as  a  function  of  time  involving  x-ray  tubes  4,  5,  6,  and  7. 

The  result  of  these  events  is  the  recording  of  images  on  x-ray  film  from 
which  the  fragment  exit  speed  and  fragment  exit  angle  can  be  determined.  For 
most  of  the  shots  an  attempt  was  made  to  recover  the  fragment  in  sheets  of 
celotex  which  were  centered  on  the  expected  exit  line.  The  angle  of  obliquity 
was  changed  by  rotating  the  target  plate. 

A  schematic  of  the  sequence  of  events  mentioned  above  is  presented  in  Fig¬ 
ure  3.  The  first  time  sequence  begins  when  the  fragment  perforates  the  first 
screen  (  T,  ).  This  triggers  a  time  delay  unit  and,  optionally,  a  time  coun¬ 
ter.  At  the  end  of  the  time  delay,  a  pulse  is  emitted  by  the  time  delay  unit 
which  stops  the  first  optional  time  counter,  starts  another  time  counter  and 
a  second  delay  unit.  It  also  causes  tubes  1  and  3  to  flash.  At  the  end  of  the 
second  time  delay,  the  second  time  delay  unit  releases  a  pulse  which  stops 
the  second  time  counter  and  causes  tube  2  to  flash.  A  similar  sequence  begins 
when  the  fragment  perforates  a  second  trigger  screen.  The  time  delay  interval 
for  the  third  delay  unit  is  set  manually  before  the  shot  and  is  determined  by 
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FIGURE  1  THE  ANGULAR  GEOMETRY  FOR  A  FRAGMENT  IMPACTING  A  TARGET 


Arrangement  For  Measuring  Fragment  Velocity 


sunning  the  time  to  travel  from  the  trigger  screen  to  the  target  based  on  the 
expected  striking  speed  plus  10  to  200  microseconds  within  the  target 
(depending  on  the  striking  speed  and  target  obliquity),  plus  sufficient  time 
to  get  the  fragment  into  the  field  of  view  based  on  the  expected  exit  speed. 
When  ricochet  is  anticipated,  the  system  is  adjusted  so  that  tube  5  and  then 
tube  4  is  pulsed.  When  perforation  is  anticipated,  the  system  is  adjusted  so 
that  tube  6  and  then  tube  7  is  pulsed.  When  it  is  uncertain  whether  the  event 
will  be  a  perforation  or  a  ricochet,  then  tubes  5  and  6  are  set  up  to  pulse 
simultaneously  and  tubes  4  and  7  are  set  up  to  pulse  simultaneously* 

The  images  of  the  fragment  are  formed  by  the  pulsed  x-ray  heads  on 
photographic  film  sheets  placed  in  planes  perpendicular  to  the  respective 
x-ray  tubes  and  eight  inches  (20.32  cm)  from  the  plane  of  the  respective 
orthagonal  x-ray  heads.  Images  of  fiducial  wires  located  directly  in  front  of 
the  film  plane  are  also  formed.  By  measuring  the  coordinate  values  of  the 
center  of  mass  of  the  image  formed  on  the  film  with  respect  to  the  fiducial 
wire  images,  corrections  can  be  made  to  determine  the  actual  coordinates  of 
the  fragment  corresponding  to  the  time  the  x-ray  tubes  are  pulsed.  The  speed 
of  the  fragment  is  calculated  by  dividing  the  difference  between  the  actual 
fragment  positions  (  Ad  )  by  the  corresponding  difference  of  the  time  (At  ) 
recorded  by  the  time  counter.  The  angle  at  which  the  fragment  is  traveling  can 
also  be  determined. 

Backup  calculations  of  the  speeds  were  made  by  using  an  electronic 
digitizer  controlled  by  a  desktop  computer.  Any  discrepancies  between  the 
manually  computed  speed  and  the  digitized  computed  speed  greater  than  ten 
meters/second  were  resolved.  Usually  the  difference  between  the  two  methods 
did  not  exceed  two  meters/second. 

The  accuracy  of  the  striking  speed  and  exit  angle  are  greatly  dependent 
on  the  degree  of  image  separation  appearing  in  the  x-ray  films.  The  further 
apart  the  images  are,  the  greater  the  accuracy  since  the  percentage  error  in 
determining  the  coordinate  values  is  less  and,  in  general,  the  time  base  is 
longer.  The  firing  range  imposes  limitations  on  the  image  separation  which 
depend  on  the  size  of  the  film,  the  head  to  film  distance,  the  shot  line  to 
film  distance,  the  x-ray  head  separation  and  on  how  well  the  preset  time 
delays  are  selected.  The  latter  depends  to  a  great  extent  on  previous 
experience  and  how  well  the  result  of  the  event  can  be  anticipated.  Assuming 
good  image  separation  and  accurate  time  counters,  the  error  in  the  speed  is 
within  0.3%  and  the  error  in  the  angle  is  within  0.5  degrees. 

The  effects  of  the  fragment  impact  on  the  target  plate  were  recorded  by 
taking  measurements  of  certain  parameters.  Figures  4a  and  4b  illustrate  these 
parameters  for  the  complete  penetration  condition.  In  this  report,  the 

mis  was  the  initial  sequence ,  but  was  modified  after  a  number  of  shots  had 
been  conducted.  The  modification  consisted  of  dropping  tube  4,  pulsing  tubes 
6  and  7  in  sequence  for  complete  penetration ,  tubes  6  and  5  in  sequence  for 
ricochet  or  tube  6  and  then  tubes  5  and  7  simultaneously. 
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FIGURE  4a  Target  Surfaces  And  Cross  Section  Defining  Measured  Target 

Parameters  For  Normal  Impact  Under  Complete  Penetration  Conditions 


definition  for  complete  penetration  is  more  restrictive  than  that  of  target 
perforation.  That  is,  a  perforation  is  defined  as  the  creation  of  a  hole  in 
the  target  such  that  light  can  pass  through.  A  complete  penetration  occurs 
when  the  exit  hole  is  large  enough  to  allow  the  penetrator  to  exit  from  the 
rear  surface  of  the  target.  The  sphere  can  ricochet  but  have  perforated  the 
target.  Figures  5a  and  5b  illustrate  the  target  effects  parameters  for  the 
ricochet  condition.  The  following  are  verbal  definitions  of  the  measured 
target  effects  parameters. 

Hole  Diameters: 


Entrance  (normal  impact) :  The  diameter  of  the  hole  made  by  the  sphere 
on  the  entrance  side  of  the  target  (does  not  include  the  crater). 

Entrance  (oblique  impact) :  Maximum  width  of  the  impression  made  by  the 

sphere  at  initial  contact  and  is  usually  the  inside  edge  of  the  cratered 
(spalled)  region.  (The  spall  region  exists  whenever  target  fragments 
break  away  from  the  target  due  to  the  shock  wave  causing  the  target 
plate  to  fracture.) 

Exit  (normal  impact) :  The  diameter  of  the  hole  made  by  the  sphere  on  the 
exit  side  of  the  target,  not  including  the  cratered  region. 

Exit  (oblique  impact) :  Maximum  width  of  the  hole  made  by  the  sphere  at 
the  point  where  the  sphere  lost  contact  with  the  target  plate. 

Crater  Dimensions: 

Width  (normal  impact) :  Minimum  diameter  of  the  cratered  (spalled)  region. 

Width  (oblique  impact) :  Length  of  minor  axis  of  the  elliptically  shaped 
cratered  region. 

Length  (normal  impact) :  The  maximum  diameter  of  the  cratered  region. 

Length  (oblique  impact) :  The  length  of  the  major  axis  of  the  elliptically 
shaped  cratered  region. 

Groove  Dimensions  (Oblique  impacts  only) : 

Width:  The  maximum  width  of  the  impression  made  by  the  passage  of  the 
sphere. 

Length:  The  maximum  length  of  the  impression  made  by  the  passage  of  the 
sphere. 

Depth  of  Penetration: 

Perpendicular  Depth  of  Penetration:  The  maximum  penetration  measured  from 
the  plane  of  the  original  target  surface. 

LOS  Depth  of  Penetration:  The  line-of-sight  distance  from  the  impact  point 
to  the  point  where  the  maximum  perpendicular  depth  occurs. 
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FIGURE  5a  Target  Surface  And  Cross  Section  Defining  Measured  Target 
Parameters  For  Normal  Impact  Under  Ricochet  Or  Embedment 
Conditions 


IMPACT  SURFACE  (FRONT) 


FIGURE  5b  Target  Surface  And  Cross  Section  Defining  Measured  Target 

Parameters  For  Oblique  Impacts  Under  Ricochet  Or  Embedment  Conditions 


Rear  Surface  Bulge:  The  "height"  of  the  bulge,  i.e.,  the  distance  from  the 
original  rear  target  surface  to  the  peak  of  the  bulge. 


The  measurement  of  these  target  effects  parameters  (  Tabulated  values  are 
in  Appendix  A.)  also  entail  a  certain  amount  of  error  due  to  the  measuring 
technique.  The  hole  diameters,  crater  dimensions  and  line-of-sight  (LOS)  depth 
(oblique  impacts)  were  measured  using  a  vernier  caliper.  The  perpendicular 
depth  of  penetration  and  the  rear  surface  bulge  height  were  measured  using  a 
"home  made"  depth  (or  height)  feeler  gauge  consisting  of  a  center  screw 
surrounded  at  equal  angles  and  distance  by  three  short  screws  set  in  a  1/4 
inch  x  2  inch  x  5/8  inch  (0.635  cm  x  5.705  cm  x  7.938  cm)  aluminum  plate. 
(Later,  a  larger  one  was  utilized.)  The  center  screw  was  adjusted  with  the 
other  screws  resting  on  the  plane  of  the  original  target  surface  and  a 
measurement  then  made  on  the  center  screw  using  a  vernier  caliper.  At  normal 
impact  angles,  the  error  for  these  measurements  is  within  0.1  cm  except  for 
the  depth  of  penetration  when  the  sphere  embedded  in  the  target.  When 
embedment  occurred,  an  estimate  of  the  depth  was  determined  by  adding  the 
diameter  of  the  ball  to  the  measured  value  of  the  distance  between  the  impact 
surface  and  the  "top”  of  the  sphere.  This  method  does  not  take  into  account 
possible  sphere  deformation  or  any  bounce  back  from  the  maximum  penetration 
depth.  At  oblique  angle  impacts,  the  tabulated  hole  diameters  are  not  well 
defined;  that  is,  the  point  at  which  the  measurement  is  made  requires 
subjective  judgement.  Therefore,  the  error  on  these  values  is  estimated  to  be 
within  0.3  cm.  The  crater  measurements  involve  the  maximum  dimensions  of  the 
cratered  region  and  are  within  0.1  cm.  The  groove  width  and  length  also 
require  a  certain  amount  of  subjective  judgement  and  the  error  is  estimated  to 
be  within  0.2  cm. 

The  plate  thicknesses  indicated  in  the  tables  of  Appendix  A  are  nominal 
values.  Measurements,  made  by  using  a  micrometer,  varied  as  much  as  0.01  cm 
over  a  particular  plate  and  as  much  as  0.02  cm  from  plate  to  plate.  Brinell 
hardness  numbers  (BHN)  were  determined  by  using  a  commercially  available 
Brinell  hardness  tester.  Measurements  on  thick  plates  involved  the  standard  10 
mm  diameter  ball  at  a  3000  Kg  load.  The  10  mm  diameter  ball  at  500  Kg  load  was 
used  for  the  1/4  inch  (  0.635  cm  )  plate.  In  every  case  the  measured  Brinell 
value  is  higher  than  the  handbook  value  of  120  for  2024-T3  type  aluminum.  The 
BHN  values  reported  in  Appendix  A  are  also  nominal  values. 

Also  tabulated  in  Appendix  A  are  the  masses  and  diameters  of  all 
recovered  penetrator  fragments.  In  the  case  where  the  sphere  broke  up,  the 
masses  of  the  recovered  pieces  are  reported  as  the  final  table  in  the 
Appendix.  The  masses  were  measured  using  a  standard  laboratory  balance  and  are 
accurate  to  within  0.001  gram.  The  diameters  were  measured  using  a  micrometer 
and  are  accurate  to  within  0.001  cm. 


III.  DATA  ANALYSIS 

III.l  DATA  TRENDS 

The  most  frequently  used  data  in  terminal  ballistic  studies  are  the  exit 
speed,  exit  angle,  and  depth  of  penetration  as  functions  of  striking  speed. 
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The  values  of  these  parameters  are  plotted  in  the  figures  in  Appendix  B  with  a 
single  curve  per  figure.  These  plots  are  scaled  so  that  the  reader  can  easily 
compare  various  curves  in  any  combination  for  some  preferred  comparison.  The 
symbols  appearing  on  the  plots  are  centered  at  their  respective  values  and  are 
defined  as  follows: 

R  *  ricochet  C  =  complete  penetration 

E  *  embedment  B  =  sphere  breakup 

The  same  data  are  also  plotted  in  Figures  6  through  29  (using  the  same 
symbols)  with  more  than  one  curve  per  plot  so  that  the  following  analyses  can 
be  made. 

EXIT  SPEED  VERSUS  STRIKING  SPEED 

The  exit  speed  as  a  function  of  striking  speed  for  the  1/4  inch  steel 
sphere  impacting  plates  of  three  different  plate  thicknesses  and  three  impact 
angles  are  presented  in  Figures  6,  7,  and  8.  In  general,  the  effect  of 
increasing  the  impact  angle  is  to  increase  the  values  of  the  ricochet  speed 
and  the  ricochet  limit.  (The  ricochet  limit  is  defined  to  be  the  largest 
striking  speed  at  which  the  sphere  ricochets.)  In  the  complete  penetration 
region,  the  various  curves  are  generally  parallel.  In  the  case  of  Figure  8, 
the  data  show  that  the  l/-»  inch  sphere  could  not  perforate  the  2  inches  of 
aluminum  plate;  thus,  no  complete  penetration  data  were  generated  (i.e. ,  the 
target  acts  as  though  it  were  of  infinite  thickness  -  called  semi- infinite) . 

In  Figure  8,  the  45  degree  curve  indicates  that  for  oblique  angle  impacts,  the 
ricochet  limit  can  not  be  clearly  specified  since  the  data  oscillate  between 
a  ricochet  and  an  embedment. 

Similar  curves  for  the  15/32  inch  steel  sphere  are  presented  in  Figures 
9,  10,  and  11.  The  same  observations  are  seen  to  be  applicable  as  for  the  1/4 
inch  steel  sphere  data.  By  comparing  the  curves  presented  in  Figure  8  and 
Figure  11,  it  may  be  determined  that  when  the  targets  are  semi- infinite,  the 
exit  speed  for  a  given  striking  speed  is  independent  of  the  diameter  of  the 
impacting  sphere. 

EXIT  ANGLE  VERSUS  STRIKING  SPEED 

Figures  12,  13,  and  14  present  the  data  for  the  exit  angle  as  a  function 
of  striking  speed  at  three  different  target  plate  thicknesses  and  the  three 
different  impact  angles.  Whenever  the  impact  angle  is  0  degrees,  the  ricochet 
angle  is  nearly  180  degrees  and  the  complete  penetration  exit  angle  is  nearly 
a  constant  0  degrees.  This  is  an  expected  result  and  the  data  would  be  suspect 
if  otherwise.  For  oblique  angle  impacts,  the  exit  angle  exhibits  rapid  change 
for  striking  speeds  near  the  ballistic  limit.  The  exit  angle  for  striking 
speeds  well  above  the  ballistic  limit  approaches  asymptotically  to  an  angle 
equal  to  the  obliquity.  Similar  data  for  the  15/32  diameter  sphere  are 
presented  in  Figures  IS,  16,  and  17.  The  same  comments  are  applicable  to  these 
data  as  mentioned  above  for  the  1/4  inch  diameter  sphere.  A  comparison  of  the 
data  for  the  semi-infinite  targets  in  Figures  14  and  17,  shows  that  the  exit 
angle  is  nearly  independent  of  the  sphere  diameter. 
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FIGURE  7  Exit  Speed  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  1/2  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rngles 


FIGURE  9  Exit  Speed  Vereue  Striking  Speed  For  15/32  Inch  Steel  Spheree 

Impacting  l\4  Inch  Rlumlnum  Targete  Rt  Three  Impact  Rnglee 


FIGURE  10  Exit  Spaed  Vercue  Striking  Speed  For  15/32  Inch  Steel  Spheree 

Impact Ing  i\2  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rnglee 
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270  “  0.635  cm.  SPHERES  V«.  0.635  cm.  ALUMINUM  RT  0  DEGREES 

0.635  cm.  SPHERES  V«.  0.635  cm.  ALUMINUM  AT  45  DEGREES 


FIGURE  12  Exit  Rngle  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 


xlt  Angle  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  1/2  Inch  Aluminum  Targets  At  Three  Impact  Angles 
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FIGURE  14  Exit  Rngle  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  2  Inch  Aluminum  Targets  Rt  Three  Impact  Angles 


FIGURE  IS  Exit  Rng le  Vorouo  Striking  Spood  For  15/32  Inch  Stool  Sphoroo 

Impacting  1M  Inch  Rlumlnum  Targoto  Rt  Throo  Impact  Rngloo 
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FIGURE  16  Exit  Angle  Vereue  Striking  Speed  For  15/32  Inch  Steel  Spheree 

Impacting  1\2  Inch  Rlumlnum  Targete  Rt  Three  Impaot  Anglec 
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Exit  RngTe  Versue  Striking  Speed  For  15N32  Inch  Steel  Spheree 
Impacting  2  (or  3)  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rng1< 
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FIGURE  18  Perpendl cul ar  Depth  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  1/4  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rngles 
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FIGURE  19  Perpendlcul ar  Depth  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  1/2  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rngles 


FIGURE  20  Perpendleul ar  Depth  Vereue  Striking  Spaed  For  1/4  Inch  Steel  Spheree 
Impacting  2  Inch  Rlumtnum  Target*  Rt  Three  Impact  Rnglee 


FIGURE  21  Per pend  1 cul «r  Depth  Vereue  Striking  Speed  For  15/32  Inch  Steel 
Spheree  Impacting  1\4  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rnglee 
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FIGURE  22  Perpend  1 ou 1 ar  Depth  Vereue  Striking  Speed  For  15/32  Inch  Steel 
Spheree  Impacting  1\2  Inch  Aluminum  Targete  At  Threw  Impact  Anglee 
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FIGURE  23  Perpendlcul ar  Depth  Vereus  Striking  Speed  For  15N32  Inch  Steel  Spheree 
Impacting  2  (or  3)  Inch  Rlumlnum  Targete  Rt  Three  Impact  Rnglec 
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STRIKING  SPEED  (  M/S) 

FIGURE  24  LOS  Depth  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  1/4  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rngles 


FIGURE  25  LOS  Depth  Versus  Striking  Speed  For 
Impacting  1/2  Inch  Rlumtnum  Targets 
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FIGURE  26  LOS  Depth  Versus  Striking  Speed  For  1/4  Inch  Steel  Spheres 
Impacting  2  Inch  Rlumlnum  Targets  Rt  Three  Impact  Rngles 


FIGURE  27  LOS  Depth  Vereue  Striking  Speed  For  15/32  Inch  Steel  Spheree 
Impacting  1M  Inch  Rlumlnum  Targete  fit  Three  Impact  Rngles 
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STRIKING  SPEED  <  M/S) 

FIGURE  28  LOS  Depth  Vereue  Striking  Speed  For  15/32  Inch  Steel  Sphere 

Impacting  i\2  Inch  Rlumlnum  Tergete  Rt  Three  Impact  final 


FIGURE  29  LOS  Depth  Vereue  Strlktng  Speed  For  15\32  Inch  Steel  Spheree 
Impacting  2  Cor  3)  Inch  Rlumtnum  Target*  Rt  Three  Impact  Rng 


PERPENDICULAR  DEPTH  OF  PENETRATION  VERSUS  STRIKING  SPEED 


Plots  of  the  perpendicular  depth  of  penetration  as  functions  of  the 
striking  speed  for  the  1/4  inch  sphere  are  presented  in  Figures  18  through  20. 
Similar  data  for  the  15/32  inch  diameter  sphere  are  presented  in  Figures  21 
through  23.  Based  on  all  of  these  figures,  the  perpendicular  depth  of 
penetration  for  a  given  striking  speed  in  the  ricochet  region  decreases  as  the 
obliquity  increases  as  might  be  expected. 

The  perpendicular  depth  of  penetration  as  defined  above  can  be  greater 
than  the  thickness  of  the  plate.  For  example,  in  Figure  19,  the  embedment  for 
the  0  degree  obliquity  curve  at  the  1032  m/s  striking  speed  resulted  in  the 
sphere  being  exposed  on  the  rear  surface  of  the  target  plate  and  the  most 
forward  point  on  the  sphere  extending  approximately  0.26  cm  beyond  the  surface 
of  the  target.  The  effect  is  also  shown  clearly  in  Figure  21  for  the  1/2  inch 
diameter  sphere  at  the  45  degree  impact  angle. 

As  shown  in  Figure  20  and  Figure  23,  the  perpendicular  depth  of 
penetration  for  some  of  the  curves  appears  to  decrease  at  the  onset  of 
embedment  and  then  increases  again  at  higher  striking  speeds.  This  decrease  is 
probably  not  actual  because  in  the  experiments  where  the  spheres  embedded  in 
the  plate,  the  diameter  of  the  sphere  was  added  to  the  measured  value  to 
obtain  the  plotted  value.  In  those  cases,  the  sphere  more  than  likely  was  in 
the  process  of  ricocheting  when  it  was  trapped,  thus  leaving  space  beneath  the 
sphere  which  could  not  be  added  since  it  could  not  be  measured.  As  shown  in 
Figure  23,  when  breakup  occurs  for  a  striking  speed  in  the  embedment  region, 
the  depth  of  penetration  is  reduced  and  the  sphere  fragments  ricochet. 

LOS  DEPTH  OF  PENETRATION  VERSUS  STRIKING  SPEED 

The  LOS  depth  of  penetration  curves  in  the  ricochet  region  are  nearly 
identical  for  the  45  and  60  degree  obliquities.  For  normal  impact,  the  LOS 
depth  is  always  less  than  that  at  oblique  angle  impacts  for  a  given  striking 
speed.  Similarly  to  the  perpendicular  depth,  the  LOS  depth  can  exceed  the  LOS 
plate  thickness  when  embedment  occurs  and  for  the  same  reason. 


I I I. 2  RELATIONSHIPS  BETWEEN  SPHERE/TARGET  CONFIGURATIONS 


The  following  analysis  of  the  penetration  model  (Z/F  equation)  reported 
in  Reference  1  will  show  that  the  residual  speed  versus  striking  speed  curves 
for  sphere  target  combinations  where  the  line-of-sight  target  thickness  to 
sphere  diameter  ratio  (  LOS/D  )  is  held  constant  can  be  expected  to  follow  the 
same  path  (i.e.,  the  curves  will  scale).  The  form  of  the  Z/F  equation  is: 


M, 


Xt  = 


2ApK2 


(Ki  +  KjVs  ♦  *3Vs  \ 
Ki  +  K2Vr  +  K3V2  / 


2K2 

Q 
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(1) 


I 


where:  Xt  =  target  thickness,  Mp  =  penetrator  mass,  A„  *  penetrator 
presented  area.  Kj  =  ,  1C2  =  C2V PtHt  ,  ^  s  C3ft  , 

Q  *  V  4KjKj  -  K|  ,  Ht  =  target  Brinell  hardness  x  9.8E7, 

pt  =  target  density,  Vs  =  striking  speed,  Vr  =  residual  speed 
and  Cj,  C2  and  C3  are  empirical  constants. 

This  equation  was  derived  only  for  normal  impacts  where  the  striking 
speed  is  high  enough  to  yield  complete  penetration  and  requires  that  the 
value  for  Q  be  greater  than  zero.  It  has  been  determined  that  calculations 
based  on  oblique  impact  data  in  the  complete  penetration  region  closely 
approximates  the  line-of-sight  thickness  using  the  same  constants  resulting 
from  normal  impact  data  analysis.  That  is,  the  plate  thickness  ^  can  be 
replaced  by  the  line-of-sight  thickness:  LOS  =  ^  Sec( e  )  where  0  is  the 
angle  of  obliquity.  Therefore,  Equation  1  can  be  reduced  to: 

LOS  =  (Mp/Ap)  ffVs,Vr).  (2) 


By  using  the  equations  Mp  =  Pp  t^/6  and  Ap  =  *  D2/4  where  Pp  is  the 
sphere  density,  noting  that  the  target  density  for  the  data  in  tnis  report  is 
constant  and  that  the  target  hardness  which  varies  from  BHN  143  to  BHN  163 
can  be  considered  constant  allows  Equation  2  to  be  further  reduced  to: 


LOS/D  =  f(Vs,Vr),  (3) 

where  the  constants  have  been  incorporated  into  the  function  and  both  sides 
divided  by  D.  It  is  evident  from  Equation  3  that  when  the  LOS  and  D  are 
varied  such  that  LOS/D  remains  constant,  the  same  residual  speed  will  result 
from  any  given  striking  speed. 

Table  1  lists  the  LOS/D  ratios  for  the  sphere/target  combinations  fired 
in  this  program.  Based  on  these  ratios,  the  following  comparisons  verify  the 
relationship  indicated  in  Equation  3  and  also  shows  that,  for  constant 
obliquity,  scaling  occurs  in  the  ricochet  and  embedment  regions. 

The  exit  speed  as  a  function  of  striking  velocity  is  plotted  in  Figure 
30  for  three  cases.  The  LOS/D  is  1.0  for  the  1/4  inch  sphere  and  1.067  for 
the  two  curves  of  the  15/32  inch  diameter  sphere.  The  one  curve  at  sixty 
degrees  obliquity  does  not  scale  quite  as  well  as  the  two  zero  degree  impact 
angle  curves  in  the  complete  penetration  region  and  not  at  all  in  the 
ricochet  or  embedment  region.  Also,  the  15/32  inch  sphere  did  not  imbed  at 
the  sixty  degrees  obliquity.  Considering  Figure  31,  where  the  LOS/D  ratio  is 
slightly  different  for  the  two  curves,  but  the  impact  angle  is  the  same,  the 
curves  scale  quite  well  over  all  regions.  In  Figure  32,  there  are  again  two 
curves  at  the  same  obliquity  (sixty  degrees  in  this  case)  which  scale  well 
over  all  regions  and  one  curve  at  zero  degrees  impact  angle  which  scales  only 
in  the  complete  penetration  region.  The  thickness  of  target  for  the  next 
three  plots.  Figures  33  through  35,  is  large  enough  so  that  the  target  can  be 
considered  semi-infinite  (i.e.,  no  observable  effect  of  the  penetration 
occurs  on  the  rear  surface  of  the  target).  When  the  obliquity  is  held 
constant,  the  curves  scale  well  for  both  sphere  sizes. 
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TABLE  1  LINE-OF-SIGHT  THICKNESS/ SPHERE  DIAMETER  RATIO 


SPHERE 

PLATE 

IMPACT  ANGLE  (OBLIQUITY) 

DIAMETER 

THICKNESS 

(cm.) 

(cm. ) 

0  45 

60 

0.635 

0.635 

1.000  1.414 

2.000 

1.270 

2.000  2.828 

4.000 

5.080 

INF  INF 

INF 

1.191 

0.635 

0.533 

0.754 

1.067 

1.270 

1.067 

1.508 

2.133 

5.080 

* 

INF 

INF 

7.620 

INF 

* 

* 

INF  -  Semi-infinite  target 


Not  applicable 


Although  the  analysis  of  Equation  1  does  not  consider  scaling  of  other 
parameters,  it  has  been  observed  that  the  exit  angle,  the  perpendicular  depth 
of  penetration/diameter  ratio  and  the  line-of-sight  depth  of  penetration/ 
diameter  ratio  also  scale  when  the  LOS/D  ratio  is  held  constant.  The 
following  paragraphs  examine  Figures  36  through  53  which  involve  these 
parameters. 

Comparisons  of  the  exit  angle  as  functions  of  the  striking  speed  are 
presented  in  Figures  36  through  41  in  the  same  sequence  as  Figures  30  through 
35.  Again  the  comparisons  where  the  LOS/D  are  equal  indicates  that  the  data 
is  independent  of  the  size  of  the  sphere.  In  Figure  40,  the  greatest 
deviation  between  the  curves  occurs  but  since  the  data  shows  large 
fluctuations  when  approaching  the  ballistic  limit  (which  are  probably  random 
fluctuations),  the  comparison  is  consistent  with  previous  observations. 

Figures  42  through  47  present  the  comparisons  of  the  perpendicular 
depth  of  penetration  as  a  function  of  striking  speed  and  Figures  48  through 
53  present  the  comparisons  of  the  LOS/D  depth  of  penetration.  In  these 
comparisons,  the  data  are  shown  to  be  independent  of  the  sphere  size. 

An  indication  of  how  well  Equation  1  represents  the  sphere  data  can  be 
seen  in  Figures  54  through  56.  The  empirical  constants  were  evaluated  using 
the  same  non-linear  least  squares  program  used  in  Reference  1  but  based  on 
the  sphere  residual  speed  for  normal  impacts  in  the  complete  penetration 
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FIGURE  31  Exit  Speed  Vereue  Striking  Speed  For  LOS/D  "1.414  or 


FIGURE  32  Exit  Speed  Vereus  Striking  Speed  For  LOS/D  *2.000  or  2.133 


FIGURE  34  Exit  Speed  Vereue  Striking  Speed  For  LOS^D 


FIGURE  35  Exit  Speed  Vereue  Striking  Speed  For  LOS/D 


STRIKING  SPEED  (  M/S) 


FIGURE  40  Exit  Rngle  Vercue  Striking  Speed  For  LOS/D 


FIGURE  41  Exit  Rngle  Vereue  Striking  Speed  For  LOS/D  -  'INF'  et  60  deg 
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FIGURE  42  Ratio  of  Perp.  Depth/Dla.  Versus  Striking  Speed 
For  LOS/D  -  1.000  or  1.067 


0.635  om.  SPHERES  V«.  0.635  cm.  ALUMINUM  RT  45  DEGREES 
1.191  om.  SPHERES  V«.  1.270  cm.  ALUMINUM  AT  45  DEGREES 


(0 


FIGURE  43  Ratio  of  Perp.  Depth/Dla.  Versus  Striking  Speed 
For  LOS/D  -  1.414  or  1.508 
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FIGURE  44  Ratio  of  Perp.  Depth/Di  a.  Versus  Striking  Speed 
For  LOS/D  -  2.000  or  2.133 


FIGURE  45  Ratio  of  Perp.  Depth/Dla.  Versus  Striking  Speed 
For  LOS/D  -  'INF'  at  0  deg. 


FIGURE  46  Ratio  of  Perp.  Depth/Di  a.  Versus  Striking  Speed 
For  LOS/D  -  'INF'  at  45  dogs. 


0.635  on.  SPHERES  V».  5.000  on.  ALUMINUM  RT  60  DEGREES 


FIGURE  48  Ratio  Of  LOS  Depth/Dia.  Versus  Striking  Speed 
For  LOS/D  -  1.000  or  1.067 


0.635  cm.  SPHERES  V«.  0.635  cm.  RLUMINUM  AT  45  DEGREES 
1.191  cm.  SS*HERES  V«.  1.270  cm.  RLUMINUM  RT  45  DEGREES 
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FIGURE  49  Ratio  Of  LOS  Depth/Dla.  Versus  Striking  Speed 
For  LOS/D  -  1.414  or  1.508 


FIGURE  52  Ratio  Of  LOS  Depth/Dla.  Versus  Striking  Speed 
For  LOS/D  -  'INF'  at  45  degs. 


FIGURE  53  Ratio  Of  LOS  Dopth/'Dia.  Versus  Striking  Speed 
For  LOS/D  -  'INF'  at  60  degs. 


region.  The  values  for  these  constants  are  C}  =  0.43,  C2  3  0.36  and 
Cj  «  0.13*  The  predictive  curves  shown  in  Figure  54  represent  the  data  quite 
well  and  also  for  oblique  impacts  where  the  plate  thickness  is  equated  to  the 
LOS  thickness  as  shown  in  Figures  55  and  56. 

III. 3  A  MODIFIED  THOR  EQUATION 

A  frequently  used  empirically  derived  equation  for  predicting  residual 
speed  (exit  speed)  as  a  function  of  the  striking  speed  is  the  Thor  equation.3 
The  form  of  the  equation  is: 

Vr  =  Vs  -  K  (^Apf  MpC  Vd  (Sec(  0  ))f  ,  (4) 


where  K,  a,  c,  d  and  f  are  constants. 


The  constants  for  the  Thor  equation  were  evaluated  using  a  linear 
multiple  regression  least  squares  program.  The  values  obtained  using  all  of 
the  sphere  data  are  K  =  9.117,  a  =  1.288,  c  *  -1.309,  d  =  -0.728  and 
f  =  1.396.  The  curves  resulting  from  using  these  constants  in  Equation  4  and 
the  experimental  sphere  data  are  presented  in  Figure  58.  As  the  comparison 
shows,  the  curve  predictions  fit  the  data  well  for  the  curves  which  pertain 
to  the  K,  E  and  T  symbol  data  but  there  is  some  deviation  near  the  ballistic 
limit.  However,  the  comparison  for  the  curve  related  to  the  G  symbol  data  is 
not  good  over  the  entire  range  of  the  data  (not  the  same  shape) .  The  curves 
are  more  nearly  straight  lines  while  the  data  seem  to  follow  parabolic  shaped 
lines.  Consequently,  it  was  decided  to  modify  Equation  4  as  follows. 


1  Mp(Vs2  -  V2  )  -  K  Xta  a£  Mpc  Vsd  (Sec(  6  ))f  . 


The  constants  obtained,  again  using  all  of  the  sphere  data,  are  K  -  5.894, 
a  ■  0.877,  b  «  1.026,  c  =  0.0,  d  «  0.854  and  f  *  0.932.  The  curves  using 
Equation  5  are  compared  to  the  data  in  Figure  59.  By  observation,  it  is  clear 
that  the  comparison  using  Equation  5  is  much  better  than  the  comparison  of 
Figure  58  using  Equation  4  especially  near  the  ballistic  limit. 

The  same  analysis  was  conducted  on  the  aluminum  2024-T3  plate  data 
reported  in  Reference  3,  where  the  penetrators  were  primarily  right  circular 
cylinders.  The  empirical  constants  for  Equation  4  as  reported  in  Reference  3 

*The  constants  reported  in  Reference  1  are  0.70 ,  0.23  and  0.50  reepectively 
and  are  baaed  on  right  circular  cylinder  (rod)  penetrators  of  length  to 
diameter  ratio  (L/D)  ranging  from  0.61  to  0.96.  Figure  57  is  a  plot  shouting  the 
fit  to  one  size  of  the  rod  penetrators. 

3 

Project  Thor ,  "The  Resistance  of  Various  Metallic  Materials  to  Perforation  by 
Steel  Fragments:  Empirical  Relationships  for  Fragment  Residual  Velocity  and 
Residual  Weight,"  Technical  Report  Number  47 ,  Ballistic  Analysis  Laboratory, 
Institute  for  Cooperative  Research,  The  Johns  Hopkins  University,  April  1961. 


73 


75 


STRIKING  SPEED  (M'S) 

FIGURE  56  Coaptrlcon  Of  Sphere  Export oontal  Dtti  To  Z/F  Equation 

Prod lot Iona  For  Rootdual  Spood  Vorouo  Striking  Spood  Rt  60  Dog 


408  880  1200  1600  2008 

STRIKING  SPEED  <M/S) 

Comparison  Of  Spharo  Experimental  Data  To  Thor  Equation 
Prod lot lone  For  Residual  Speed  Versus  Striking  Speed  Rt  0  Deg. 


400  800  1200  1600  2000 
STRIKING  SPEED  <M/S> 

Comparison  Of  Sphere  Experimental  Data  To  Modified  Thor  Equation 
Prediction e  For  Residual  Speed  Versus  Striking  Speed  Rt  0  Deg. 


are  K  =  6.214,  a  =  1.029,  c  =  -1.072,  d  =  -0.139  and  f  =  1.251  except  that 
the  value  for  K  reflects  a  conversion  of  units  from  the  British  system  to  the 
metric  system  (CGS  units) .  In  attempting  to  reproduce  these  constants,  the 
least  squares  program  was  used  on  the  set  of  aluminum  2024-T3  data  reported 
in  Reference  3  excluding  the  data  sets  with  a  zero  residual  speed.  This 
resulted  in  the  values  K  =  3.426,  a  =  1.056,  c  =  -1.052,  d  =  0.397  and 
f  =  1.437.  Even  though  these  constants  are  slightly  different  from  those  of 
Reference  3,  these  are  used  in  the  following  comparison  since  the  exact 
procedure  used  in  Reference  3  is  not  known.  Figure  60  shows  the  comparison 
between  the  curves  generated  from  Equation  4  using  these  constants  and  the 
experimental  data  for  one  size  of  the  penetrators.  This  comparison  indicates 
a  rather  unrealistic  shape  for  the  predicted  curves  in  the  neighborhood  of 
the  ballistic  limit  and  entirely  misses  the  data  points  in  that  region  for 
the  2.54  cm  thick  plate.  Evaluation  of  the  constants  for  the  modified  Thor 
equation  (Equation  5)  using  the  same  set  of  cylinder  penetrator  data  resulted 
in  K  =  2.529,  a  =  0.835,  b  =  0.601,  c  =  0.305,  d  =  1.498,  and  f  =  1.185.  The 
predictions  presented  in  figure  61  show  the  improvement  using  Equation  5. 
Since  the  data  are  quite  sparse,  it  is  believed  that  the  predictions  would  be 
even  better  if  additional  data  were  available  (in  particular,  just  above  the 
ballistic  limit)  on  which  the  constants  could  be  evaluated. 


IV.  SUWARY  AND  CONCLUSIONS 

This  study  has  provided  a  complete  set  of  data  for  steel  spheres 
impacting  aluminum  plates  for  two  sphere  sizes,  three  plate  thicknesses,  and 
three  angles  of  obliquity.  In  those  situations  where  the  sphere  is  a  good 
approximation  of  the  impacting  fragment,  this  set  of  data  should  be  used.  It 
has  been  shown  that  whenever  the  IXJS/D  is  a  constant  for  two  or  more  cases, 
the  resulting  data  will  plot  approximately  on  the  same  curve.  Therefore,  it 
is  anticipated  that  the  number  of  shots  required  for  any  future  test  series 
can  be  reduced  significantly  by  utilizing  that  fact.  Finally,  the  study  has 
shown  that  the  original  Thor  equation  should  be  replaced  by  the  modified 
version  presented  in  this  report. 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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F  -  the  entrance  side  of  the  target  plate;  R  -  the  exit  side  of  the  target  plate 
N/A  -  Not  available  *  -  Not  applicable 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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TABLE  A2b.  Target  Effects  Data  For  1/4  Inch  Spheres  Impacting  1/2  Inch  Aluminum  At  0  Degrees 
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N/A  -  Not  available  *  -  Not  applicable 
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Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
Exit  angles  greater  than  90°  are  ricochet  angles. 
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N/A  -  Not  available  *  -  Not  applicable 
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Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
Exit  angles  greater  than  90°  are  ricochet  angles. 
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F  -  the  entrance  side  of  the  target  plate;  R  -  the  exit  side  of  the  target  plate 
N/A  -  Not  available  *  -  Not  applicable 
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entrance  side  of  the  target  plate;  R  -  the  exit  side  of  the  target  plate 
>t  available  *  -  Not  applicable 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
Exit  angles  greater  than  90°  are  ricochet  angles. 
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N/A  -  Not  available  *  -  Not  applicable 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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TABLE  A7b.  Target  Effects  Data  For  1/4  Inch  Spheres  Impacting  1/4  Inch  Aluminun  At  60  Degrees 
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F  -  the  entrance  side  of  the  target  plate;  R  -  the  exit  side  of  the  target  plate 
N/A  -  Not  available  *  -  Not  applicable 
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N/A  -  Not  available  *  -  Not  applicable 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 


TABLE  A8b.  Target  Effects  Data  For  1/4  Inch  Spheres  Impacting  1/2  Inch  Aluminun  At  60  Degrees 
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N/A  -  Not  available  *  -  Not  applicable 


A9a.  Target  Effects  Data  For  1/4  Inch  Spheres  Impacting  2  Inch  Aluminum  At  60  Degrees 


AlOa.  Target  Effects  Data  For  15/32  Inch  Spheres  Impacting  1/4  Inch  Aluminum  At  0  Degrees 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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N/A  -  Not  available  *  -  Not  applicable 
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TABLE  A12a.  Target  Effects  Data  For  15/32  Inch  Spheres  Impacting  3  Inch  Aluminum  At  0  Degrees 


C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 


A13a.  Target  Effects  Data  For  15/32  Inch  Spheres  Impacting  1/4  Inch  Aluminum  At  45  Degrees 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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N/A  -  Not  available  *  -  Not  applicable 


TABLE  A13b.  (  Continued  ) 
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F  -  the  entrance  side  of  the  target  plate;  R  -  the  exit  side  of  the  target  plate 
N/A  -  Not  available  *  -  Not  applicable 
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N/A  -  Not  available  *  -  Not  applicable 


C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
**  -  Penetrator  broke  up;  see  last  table  of  this  Appendix 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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N/A  -  Not  available  *  -  Not  applicable 
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C/P  -  Complete  penetration  N/A  -  Not  available  *  -  Not  applicable 
Note:  Exit  angles  greater  than  90°  are  ricochet  angles. 
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TABLE  A19  Mass  Of  Recovered  Penetrator  Fragments  For  Shots  Where  Breakup 
Occurred 


Shot 

Identification 

FP-1-82-01-15-1 

0.792 

Individual  Fragments 
(grams) 

*  *  *  * 

» 

* 

* 

Total 

Recovered 

(grams) 

0.792 

Refer 

To 

Table 

A1 

FP-1-79-01-18-3 

N/A 

* 

* 

* 

* 

* 

* 

* 

A2 

FP-1-78-08-08-4 

N/A 

* 

★ 

* 

* 

* 

* 

★ 

A2 

FP-1-79-01-18-1 

N/A 

* 

* 

* 

* 

* 

★ 

* 

A2 

FP-1-79-01-18-2 

N/A 

* 

* 

* 

•k 

* 

* 

* 

A2 

FP-1-78-08-08-2 

N/A 

* 

* 

* 

* 

★ 

* 

★ 

A2 

FP-1-79-01-17-1 

N/A 

* 

* 

* 

* 

* 

* 

★ 

A2 

FP- 1-78 -08 -08- 3 

N/A 

* 

* 

* 

* 

* 

* 

* 

A2 

FP-1-79-01-17-2 

N/A 

* 

•k 

★ 

* 

* 

* 

* 

A2 

FP-1-79-01-18-4 

N/A 

* 

* 

* 

* 

★ 

★ 

* 

A2 

FP-1-81-03-23-2 

N/A 

* 

* 

* 

★ 

* 

* 

* 

A5 

FP-1-81-09-15-7 

0.668 

0.372 

* 

* 

* 

★ 

* 

1.040 

A7 

FP-1-81-10-05-4 

0.935 

* 

* 

* 

★ 

* 

★ 

0.935 

A8 

FP-1-81-10-05-3 

0.534 

* 

* 

* 

★ 

* 

* 

0.534 

A8 

FP-1-81-11-10-2 

0.161 

0.026 

* 

* 

X 

★ 

Ilf 

0.187 

A8 

FP-1-81-10-06-3 

0.286 

0.194 

* 

★ 

* 

★ 

* 

0.480 

A8 

FP-1-81-10-08-2 

0.147 

0.038 

* 

* 

* 

* 

* 

0.185 

A8 

FP-1-81-11-10-1 

N/A 

* 

★ 

* 

* 

* 

★ 

* 

A8 

FP-1-81-11-09-1 

0.081 

0.054 

0.043 

0.033 

0.021 

0.017 

* 

0.249 

A8 

FP-1-81-10-08-1 

0.169 

★ 

* 

* 

* 

* 

★ 

0.169 

A8 

FP-1-81-11-09-2 

0.058 

0.056 

0.028 

0.025 

* 

* 

★ 

0.167 

A8 

FP-1-81-1 0-06-4 

0.295 

* 

★ 

* 

* 

* 

* 

0.295 

A8 

FP-1-81-11-06-1 

0.160 

0.031 

** 

* 

★ 

★ 

* 

0.191 

A8 

FP- 1-81-11-06-2 

0.140 

* 

★ 

* 

★ 

* 

* 

0.140 

A8 

FP-1 -81-08-21-3 

1.923 

1.922 

1.012 

0.637 

★ 

★ 

* 

5.494 

A10 

FP-1-81-06-12-1 

3.397 

3.484 

* 

* 

* 

* 

★ 

6.881 

All 

FP-1-81-06-17-3 

0.975 

0.915 

0.485 

0.441 

0.244 

0.238 

* 

3.298 

All 

FP-1-81-06-17-2 

N/A 

* 

* 

* 

* 

* 

* 

* 

All 

FP-1-81-06-17-1 

1.530 

0.216 

* 

★ 

★ 

* 

* 

1.746 

All 

FP-1-81-09-02-1 

5.103 

1.101 

0.460 

★ 

* 

* 

★ 

6.664 

A13 

FP-1-81-09-04-1 

1.792 

1.512 

1.460 

0.323 

0.269 

0.239 

0 

.132 

5.727 

A13 

FP-1-81- 08-25-3 

1.827 

1.705 

1.027 

0.769 

0.187 

0.123 

0 

.121 

5.755 

A14 

FP-1-81-08-25-2 

1.638 

1.450 

0.757 

0.554 

* 

★ 

★ 

4.399 

A14 

FP-1-81-08-25-1 

1.433 

0.813 

0.547 

0.392 

0.322 

0.219 

0 

.143 

3.869 

A14 

FP-1-81-07-24-3 

2.252 

0.675 

0.612 

★ 

★ 

* 

* 

3.539 

A15 

N/A  -  Not  available  *  -  Not  applicable 
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DEPTH  AND  LOS  DEPTH  AS  FUNCTIONS  OF  STRIKING  SPEED 
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Figure  la  1/4  In.  Steel  Sphere  Xopeetlng  1/4  Xnoh  Thtok  Rluninu*  fit  0  Degree# 
(  Exit  Speed  Re  R  Function  OF  Striking  Speed  ) 
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Function  Of  Striking  Speed  ) 


T351  Rlumtnue 


✓4  In.  Steel  Sphere  Xmpeottng  1^4  Inoh  Thtek  Rlumlnum  Rt  0  Degrees 
<  Perpendloul ar  Depth  Re  R  Funotlon  Of  Striking  Speed  ) 
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<  Llne-of-Slght  Depth  Re  R  Function  OF  Striking  Speed  > 
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Figure  2a  1/4  In.  Steel  Sphere  Impacting  1/2  Inoh  Thlok  Aluminum  At  0  Oagraaa 
(  Exit  Spaad  Am  A  Function  OF  Striking  Speed  ) 
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(  Perpendicular  Depth  Re  R  Funotlon  Of  Striking  Speed  > 
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Figure  3a  1x4  In.  Steel  Sphere  Xmpeottng  2  Inch  Thtok  Aluminum  At  8  Degrees 
C  Exit  Speed  Ae  A  Function  Of  Striking  Speed  > 
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Figure  3c  W4  In.  Steel  Sphere  Xepeotlng  2  Ineh  Thlok  Rluelnue  ftt  0  Degreee 
(  Perpendlouler  Depth  Re  H  Fund  Ion  0#  Striking  Speed  ) 
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Figure  3d  1/4  in.  Steel  Sphere  Zepeotlng  2  Inch  Thick  Rluelnua  At  0  Degreee 
(  Line -of -Sight  Depth  Re  R  Function  Of  Striking  Speed  ) 
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Figure  4a  1^4  In.  Steel  Sphere  Xapeetlng  1/4  Xnoh  Thlok  Rluetnua  Rt  45  Oegreee 
(  Exit  Speed  Re  R  Funotlon  Of  Striking  Speed  > 
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Figure  4c  1/4  In.  Stnnl  Sphere  lapaoting  1/4  Znoh  Thlek  Rluntnun  Rt  49  Degreee 
(  Pnrpnndleular  Onpth  Re  R  Funotlen  Of  Striking  Speed  ) 
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Figure  5d  1/4  in.  Steel  Sphere  Impeotlng  1/2  Inch  Thick  Rlumlnum  Rt  45  Oegreee 
(  Llne-of-SIght  Depth  Re  R  Funotlon  Of  Striking  Speed  > 


Figure  6a  1/4  In.  Steal  Sphere  Impacting  2  Inch  Thick  ftlumlno*  St  45  Degree* 
<  Exit  Speed  Re  H  Fund  ion  Of  Striking  Speed  ) 
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Figure  7a  1/4  In.  Steel  Sphere  Xmpeotlng  1/4  Xnoh  Thlok  Aluminum  ftt  60  Oegreee 
(  Exit  Speed  Re  R  Funotton  Of  Striking  Speed  ) 
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Figure  7c  1/4  In.  Steel  Sphere  Xapeotlng  1/4  Inoh  Thfok  Rluelnue  Bt  60  Degree* 


Figure  8a  1/4  m.  Steel  Sphere  Xepeotlng  1/2  Xnoh  Thlok  Rlunlnun  Rt  60  Degreee 
(  Exit  Speed  Re  R  Funotlon  Of  Striking  Speed  ) 


<  Llne-of -Sight  Depth  Re  R  Funotlon  Of  Striking  Speed 


Figure  9a  13/32  In.  Steel  Sphere  Impacting  1/4  In.  Thlok  Aluminum  At  0  Degreee 
(  Exit  Speed  Ae  A  Funotlon  OF  Striking  Speed  ) 
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Figure  12a  lS/^  In.  Steel  Sphere  Impacting  WA  In.  Thick  Aluminum  Rt  45  Degree* 
(  Exit  Speed  Re  R  Funotion  Of  Striking  Speed  ) 
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Figure  13a  15^32  In.  Steel  Sphere  Impacting  1/2  In.  Thick  Rlumlnum  Rt  45  Degrees 
<  Exit  Speed  Re  R  Function  Of  Striking  Speed  ) 


Figure  13b  15/32  In.  Steel  Sphere  Zmpeetfng  1/2  In.  Thick  Rlumlnum  Rt  45  Degrees 

(  Exit  Rngle  Re  R  Function  Of  Striking  Speed  ) 
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Figure  13c  15/32  in.  Steel  Sphere  Impacting  1/2  In.  Thick  Aluminum  At  45  Degree* 

(  Perpendlculer  Depth  A*  A  Function  Of  Striking  Speed  ) 
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PENETRATORt  M*o«  6.888  gram*  TARGET*  24S-T  Alunlnun 

Dio.  1.191  on.  5.080  on.  Thick 

45  dog.  Obliquity 


Flour#  14b  15/32  in.  Stool  Sphoro  Inpootlng  2  In.  Thick  Alunlnun  At  45  Dogroeo 
C  Exit  Anglo  Ao  A  Function  Of  Striking  Spood  > 


Figure  14c  15/32  In.  Steel  Sphara  Inpact log  2  in.  Thick  R1 uni nun  Rt  45  Degree# 
(  Perpend 1 ou 1 ar  Oapth  Ra  R  Function  Of  Striking  Spaad  > 


24S-T  Rlumlnue 
5.008  o*.  Thick 
45  deg.  Obliquity 


Figure  14d  15/32  in.  Steel  Sphere  leg noting  2  in.  Thick  Rfuttwue  Rt  45  Oegi 
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Figure  15d  15/32  In.  Steel  Sphere  Xmpeettng  1/4  In.  Thick  Aluminum  Rt  60  Oegreee 

(  Llne-of-Stght  Depth  Re  R  Function  Of  Striking  Speed  ) 
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